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Spin-wave resonance measurements were performed in the mixed magnetic phase of the first order
ferromagnetic-antiferromagnetic phase transition in a Pd-doped FeRh epilayer. The effective exchange con-
stant across the film is seen to reduce with increasing antiferromagnetic volume fraction. This is attributed to an
exchange coupling between the ferromagnetic layers mediated by evanescent spin-waves through the antiferro-
magnet, which is supported by atomistic modelling.
B2-ordered FeRh undergoes a first-order metamagnetic
phase transition from an antiferromagnet (AF) to a ferro-
magnet (FM) when heating through a transition temperature
TT ∼ 380 K [1]. The proximity of the transition to room tem-
perature and its sensitivity to external stimuli [2–7] make it an
ideal candidate for use in possible magnetic memory device
architectures [8–10], including those involving AF spintron-
ics [11, 12]. A mixed magnetic phase (MMP) is seen when
passing through the transition [13–16]. Any exchange cou-
pling between the two magnetic phases may affect transition
kinetics and device performance. Therefore, to understand the
development of the system through the transition and its im-
plications for device architectures, the nature of any possible
exchange coupling must be ascertained.
Spin-wave resonance (SWR) can measure the exchange
constant of magnetic systems including multilayers [17–21].
SWR is an extension of ferromagnetic resonance (FMR) in
which pinning conditions allow for the excitation of perpen-
dicular standing spin-waves (PSSWs) for external magnetic
fields applied perpendicularly to the film [20]. The frequency
fn of the PSSW of mode number n, corresponding to the num-
ber of antinodes, is determined by the effective exchange con-
stant, JEff across the film thickness, t such that [21],
fn = f0+
2a2JEffS
h
(npi
t
)2
, (1)
where f0 is the uniform mode FMR frequency, a is the lattice
constant, and S is the spin per atom [20].
Here, we present SWR investigations on a Pd-doped FeRh
epilayer within the MMP regime. We find that the PSSW
mode frequencies decline as the AF volume fraction of the
film rises, implying a reduction of JEff across the film thick-
ness. Complimentary simulations of atomistic spin dynamics
reveal that this change in JEff is due to the presence of a weak
FM exchange coupling between the two FM regions mediated
by evanescent spin-waves in the AF.
The B2-ordered Pd-doped FeRh epilayer was grown using
DC magnetron sputtering. The MgO substrate was annealed
overnight at 700◦C, the sample was deposited at a substrate
temperature of 600◦C and annealed in situ at 700◦C for 1
hour. 3% Pd doping was used to lower TT [3, 4] to match the
capabilities of the SWR apparatus. The sample thickness was
measured using x-ray reflectivity to be t = 134±4 nm. X-Ray
diffraction (XRD), shown in Fig. 1(a), confirms the presence
of epitaxial growth, with a B2 order parameter S= 0.71±0.01
[22, 23], and a lattice constant, a= 2.998±0.001 A˚.
The magnetization of the sample, measured between 100
and 400 K using a SQUID-vibrating sample magnetometer
(VSM), is shown in Fig. 1(b). The black curve shows the
major loop where the transition is completed in both direc-
tions. As it was not possible to cool below room tempera-
ture during the SWR experiment, a minor loop taken through
the available temperature range (290-400 K) is also shown
by the blue line. The saturation magnetization upon enter-
ing the FM phase is µ0MS = 1.33± 0.09 T, equivalent to a
moment per Fe atom of µFe = 3.1± 0.2 µB. Fig. 1(c) shows
the magnetization at higher temperatures, which is fitted to
M = A [1− (T/TC)]β + c to determine the Curie temperature,
TC = 656±2 K with β = 0.45±0.05, where A and c are fitting
constants [24]. From this, mean field theory yields the FM ex-
change constant JFM = 3kBTC/2µ2Fe = (1.41±0.1)×10−21 J
[24, 25].
For the SWR measurements the sample was placed face
down on a 2-port coplanar waveguide that generated an in-
plane RF magnetic field BRF, with a ceramic heater used for
temperature control. The external out-of-plane magnetic field,
BExt was applied and transmission through the waveguide was
measured using a vector network analyzer. As the transition is
sensitive to the application of BExt [3, 4, 6, 7], the frequency
was swept between 0.01 to 26 GHz, whilst BExt was held con-
stant at 50 mT intervals between 1.4 and 2 T to identify the
resonance positions. These measurements were performed at
various temperatures on both the heating and cooling branches
of the transition from the fully FM state (T = 360 K) down to
where no SWR peaks could be observed (T = 310 K).
Fig. 1(d) shows an example set of SWR frequency spec-
tra (T = 323 K, cooling branch) and demonstrates promi-
nent n = 0 FMR peaks, along with higher frequency SWR
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FIG. 1. (colour online) Pd-Doped FeRh film characterization and
SWR measurements. (a) XRD spectrum with indexed Bragg peaks.
(b) Sample magnetization between 100 and 400 K on the major loop
(black line) and between 290 and 400 K on the minor loop (blue
line), both measured with a 1 T field applied in the film plane. (c)
Higher temperature magnetization measurement (circles) alongside
the fitting used to extract TC (line) measured in a 0.1 T field applied
in the film plane. The arrows depict the temperature sweep direction.
(d) Example series of SWR spectra taken at 323 K on the cooling
branch. (e) Close-up of the 1.8 T measurement of this series with
assigned SWR mode numbers. (f) fn plotted against n2 with fitted
lines used to extract JEff for the example SWR data shown in (d).
peaks corresponding to PSSW excitations. Fig. 1(e) shows
the Bext = 1.8 T spectrum as an example, in which the n = 3
& n= 5 SWR peaks are indexed. Fig. 1(f) shows fn against n2
for the spectra in panel (d), which were used, along with Eq. 1,
to extract JEffS for each TEff. Only modes with odd n present,
as those with an even number of antinodes do not couple to
BRF [20, 26].
The dependence of JEff on effective temperature TEff is
shown in Fig. 2(a), using the value of S extracted from the
FMR mode for each temperature set. TEff is used as the
measure of position within the transition as external mag-
netic fields affect TT [3, 4, 6, 7]. TEff is calculated via TEff =
T0− dTTdBExt BExt, where T0 is the measured sample temperature
and dTT/dBExt =−9.5±0.5 KT−1, measured by tracking the
transition midpoint of our film through a range of fields [7].
At TEff≈ 360 K the sample is in a fully FM state and there is
good agreement between JEff determined from the SWR mea-
surements and JFM determined from the Curie temperature
measurement. JEff declines rapidly on cooling and vanishes
for TEff . 325 K. On heating, JEff reappears at TEff ∼ 335 K
FM
FM
AF
𝑡𝐹𝑀 =
𝜙𝑡
2
𝑡𝐴𝐹 = 1 − 𝜙 𝑡
𝑡𝐹𝑀 =
𝜙𝑡
2
c)
a) b)
d)
FIG. 2. (colour online) Exchange constant behaviour in the MMP
regime. (a) JEff as a function of TEff. (b) JEff against FM volume
fraction φ . (c) Schematic of the trilayer model. (d) J′ against tAF with
fits to exponential decays. All measurements show values extracted
on the cooling (black squares) and heating (red circles) transition
branches with (a) and (b) also showing JFM (dotted line with error
bar in gray).
and increases to a value similar to the cooling branch for the
same TEff.
The minor loop in Fig. 1(b) corresponds to the range of tem-
peratures where SWR measurements were taken. By defining
the FM phase fraction as φ(T ) = M(T )/MS it is possible to
map TEff onto the appropriate branch of the minor loop to ob-
tain JEff as function of φ , shown in Fig. 2(b). There are two
striking features to this plot: that JEff is hysteretic between
transition branches, and that JEff declines rapidly as antiferro-
magnetism is introduced into the system and vanishes whilst
φ > 90%.
In FeRh, FM domains are known to nucleate at either sur-
face and grow into the bulk of the material when heating,
whereas the opposite is true for the AF domains when cool-
ing [27–29]. The MMP regime can therefore be modelled
as a FM/AF/FM trilayer [27], with each layer described by
their thickness. A schematic of the trilayer model used here
is shown in Fig. 2(c). FM domains extend from either surface
with thickness tFM = φ t/2, whilst the AF region has thickness
tAF = (1−φ)t. However, AF PSSWs are not excited at these
frequencies [20] and SWR peaks at frequencies corresponding
to the confinement of the PSSWs within the FM layers, as ex-
pected using t = tFM in Eq. 1, are not seen here. Therefore, the
PSSWs are excited across the film thickness, somehow bridg-
ing the AF layer in the film center. This requires an exchange
stiffness in the AF region and therefore exchange coupling to
and through it.
A model used to describe SWR in magnetic multilayers,
where J−1Eff is a weighted average of J
−1 over the film thick-
ness, is adapted to treat the trilayer geometry [21]. The ex-
change constant associated with the central AF region, J′, can
3be written as [21],
J′ =
JEff JFM(1−φ)
JFM−φJEff , (2)
which is plotted against tAF in Fig. 2(d). Both transition
branches demonstrate a peak in tAF at 7.6 ± 0.4 nm and
2.4±0.3 nm for the heating and cooling branch, respectively.
To better understand this behaviour, simulations of atom-
istic spin dynamics were performed. This type of modelling
has previously demonstrated how different temperature scal-
ings of competing four-spin and bilinear exchange interac-
tions can lead to the first-order phase transition in FeRh sys-
tems [30]. This model utilizes the four-spin term to mediate
the interactions due to the Rh moment, and it is this term that
is responsible for the AF ordering at low temperature. The AF
order breaks down at higher temperatures and the FM ordering
dominates, leading to the metamagnetic transition. The spin
Hamiltonian described in Ref. 30 includes the nearest and next
nearest neighbour bilinear and four-spin interaction terms, and
here includes the uniaxial anisotropy, KU, such that:
H =−1
2 ∑i, j
Ji j (Si ·S j)− 13 ∑i, j,k,l
Di jkl (Si ·S j)(Sk ·Sl)
−∑
i
(µFeSi · [BExt+BRF])−Ku∑
i
(Si · eˆ)2, (3)
where Ji j and Di jkl represent the bilinear and four-spin ex-
change interactions between Fe atomic sites with eˆ represent-
ing the easy axis direction. These simulations were performed
in the VAMPIRE software package [31].
The simulations replicate the experimental situation, with
an in-plane RF field BRF applied at frequency ν whilst a per-
pendicular external field BExt = 2 T is applied. The spins are
pinned at either end of the film thickness. The Fourier trans-
form of the time dependence of the in-plane magnetization
component is taken as the simulated SWR spectra. The ther-
mal hysteresis associated with the first-order phase transition
requires the coexistence of the two magnetic phases and needs
to be assured by a large enough system size. The system size
is limited by the computationally expensive nature of the four-
spin exchange term, meaning it is necessary to artificially in-
troduce the AF regions. For the SWR simulations the Gilbert
damping parameter, α , was set to 0.01, whilst for rapid relax-
ation in the field cooling simulations we chose α = 1.
A region in the middle of the system, zD atomic planes
thick, has its four-spin exchange interaction strength Di jkl in-
creased to Dq,2, creating a region with a higher TT than its
surroundings, where Di jkl = Dq,1. For a certain temperature
range this generates a FM/AF/FM trilayer, as seen in Fig. 3(a).
zD was varied to simulate different points in the transition,
as achieved in the experiment by varying the temperature.
The parameters used in the simulations are based on those in
Ref. 30 and are presented in Table I, with the value of the Ku
from Ref. 32.
The simulated φ(T ) for each zD is shown in Fig. 3(b).
Adding the intermediate AF region gives a wide range of tem-
TABLE I. Atomistic modelling simulation parameters.
Quantity Symbol Value
Nearest neighbour bilinear exchange Jnn 0.4×10−21 J
Next-nearest neighbour bilinear exchange Jnnn 2.75×10−21 J
Four-spin interaction Dq,1 0.16×10−21 J
Enhanced four-spin interaction Dq,2 0.23×10−21 J
Uniaxial anisotropy constant Ku 1.404×10−23 J
Fe-site magnetic moment µFe 3.15 µB
DC perpendicular field |BExt| 2 T
RF in-plane field amplitude |BRF| 0.05 T
Excitation frequency ν varied GHz
Atomic planes of enhanced Dq,2 zD 0, 2, 4, 10 or 20
Damping constant α 0.01 or 1
peratures where the MMP exists, yielding broad transitions
qualitatively comparable to the experimental sample.
Our simulation protocol was to field cool the system
(BExt = 2 T) from 750 K to either 100, 120, or 140 K for 1 ns.
The system then evolves for the same time again, by which
time the system had thermally equilibrated and settled to a pe-
riodic motion in response to BRF. The Fourier-transformed
first SW modes for the zD = 20 system are shown in Fig. 3(c),
as examples. These exhibit a reducing resonant frequency
with decreasing temperature, consistent with a supression of
JEff across the film thickness. The quantitative discrepancies
between experimental and simulated results for the SW modes
is due to the smaller simulated system sizes.
A snapshot of one of these equilibrated states, for zD = 10 ,
is shown in Fig. 3(a). The region immediately adjacent to
the interface defined by zD (solid lines) demonstrates a spin-
structure composed of both magnetic phases. This indicates
a strong coupling across the FM/AF interface that weakens
the relative strength of the two exchange interactions in this
region. The size of this interfacial region was identified by
fitting the average magnetization per layer, extending away
from the region defined by zD, to an exponential decay with
characteristic length zP. An example of this fitting is seen in
Fig. 3(a), with the full set of results shown in Fig. 3(d).
zP shows that between 1 and 5 layers adjacent to the in-
terface have their local exchange interactions changed by the
coupling between the two phases, depending on temperature
and zD. The maximum value of zP = 4.3± 0.5 layers corre-
sponds to 1.3± 0.1 nm, consistent with the values extracted
for the peak in J′ on cooling branch considering zP is for a
single direction. This is attributed to the maximum size of the
interfacial region between phases that exhibits weakened FM
exchange. The weakening of the relative contributions of the
four-spin and bilinear exchange terms at higher temperatures
leads to a decrease in zP.
Resonant excitations in the FM have been predicted to ex-
cite evanescent spin-waves (ESWs) in the AF via an exchange
coupling at the FM/AF boundary [33]. These ESWs are col-
lective excitations of the AF Nee´l vector, L= (m1−m2)/MS,
where mi denotes the magnetization on sublattice i for type
II AFs [34]. The amplitude of the Fourier transform for each
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FIG. 3. (colour online) Atomistic simulation results. (a) Simulation output for a zD = 10 system with the snapshot taken 1 ns after the field
cooling has finished at a temperature of 100 K. The x, y, and z magnetization components are shown alongside the Mz profile fitted for zP. (b)
Temperature dependence of φ with BExt = 2 T for simulated systems with various zD. (c) Fourier transformed first SWR mode for zD = 20
at various temperatures with a fit of the data (solid lines). (d) Fitting results for zP against temperature for various zD. (e) Amplitude of the
Fourier transforms for each component of L & M against z for the zD = 20 system at 120 K for f − f0 = 22.3 GHz. (f) Temporal evolution of
MZ through z for a tilted FM layer (lower) for zD = 20 at 120 K. zD is marked by solid lines where appropriate.
component of L and M = (m1 +m2)/MS is shown against z
extracted from the simulations of the zD = 20 system at 120 K
at the resonant frequency of the n= 1 SW mode ( f − f0 = 22.3
GHz) in Fig. 3(e). The FT amplitude of all components of L
as well as Mx,My are non-zero within zD (solid lines), consis-
tent with the presence of ESW in the AF. These have a char-
acteristic decay length, λ = 1.1± 0.1 nm when fitted to an
exponential decay.
J′ > 0 measured in the experiment suggests an FM ex-
change energy is present in the AF region. After the peak,
J′ follows an exponential decay with tAF with λ = 2± 0.5
(cooling branch) and 2.8± 0.4 nm (heating branch). The ob-
servation of ESWs in the simulation implies their presence in
the experiment. The difference in λ implies the electrons also
carry the excitation across the AF, as their contribution is not
considered in the simulations [31]. As AF PSSWs are not
excited at these frequencies, J′ corresponds to the exchange
energy of these ESWs in the AF region and could correspond
to an exchange coupling between the two FM layers mediated
by ESWs.
To test this hypothesis, the magnetization of one of the FM
layers is tilted relative to the other and the temporal evolution
of MZ is tracked for zD = 20 after zero-field cooling to 120
K and is shown in Fig. 3(f). MZ for the free layer tend to-
wards that of the tilted layer with time, consistent with an ex-
change coupling between the two layers mediated by ESWs.
The peak in J′ is consistent with the increase in spin-current
carried by these ESWs as robust AF domains are stabilized
[35–37]. The peak in J′ is then taken to be the point where
AF domains stabilize and the interfacial layer is fully formed.
The difference in length scale between the transition branches
for the interface size and ESW penetration depth is attributed
to differences in nucleation kinetics [7].
To conclude, SWR measurements of a Pd-doped FeRh epi-
layer taken throughout the metamagnetic transition reveal a
reduction in the SWR mode frequencies when entering the
MMP regime. This reduction corresponds to a suppression
of JEff below the fully FM value. This suppression becomes
larger as the FM phase fraction φ decreases. JEff vanishes
whilst φ . 90%. Complementary simulations of atomistic
spin-dynamics were performed in which the AF phase frac-
tion was controlled by introducing a layer of variable thick-
ness zD where the strength of the four-spin interaction was
enhanced relative to its surroundings. A similar reduction of
SWR mode frequency with temperature was observed in the
simulations. The simulations reveal an interfacial exchange
coupling between the two magnetic phases creates a region
that demonstrates weakened FM exchange that is 1.3± 0.1
nm in size, consistent with the experimental results for the
cooling branch. They also reveal the presence of ESWs in
the AF that mediates an exchange coupling between the two
FM layers through the AF, which is measured in the experi-
ment. Such a coupling must be accounted for in the design of
FeRh-based spintronic devices, particularly those intended to
operate at GHz frequencies.
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